Background/purpose: The aim of this study was to determine and compare the fracture resistance of endodontically treated teeth restored with or without posts. Materials and methods: Undamaged, extracted human premolar teeth (48 in total) were randomly divided into four groups of 12 each. Clinical crowns of the teeth were cut 3 mm coronal to the cementoenamel junction. Root canals were enlarged using rotary canal instruments (Dentsply) and filled with gutta-percha (Dentsply) as well as a sealer (AH 26, De Trey). In all groups, gutta-percha was removed, and the post space was prepared using tapered drills (FRC Postec post kit, Ivoclar Vivadent). The first group of fiber-reinforced composite posts (FRC Postec Plus, Ivoclar Vivadent) and the second group of Ever Stick posts (Stick Tech) were luted into the root canals using dual curing resin cement (Variolink II, Ivoclar Vivadent). In the third group, post spaces were filled using a hybrid resin composite (Tetric Evo Ceram, Ivoclar Vivadent). The fourth group served as a control with direct resin composite core reconstruction formed without a post. Composite cores were constructed with a hybrid resin composite (Tetric Evo Ceram, Ivoclar Vivadent) in all groups. Fracture loading was accomplished using an universal testing machine at a crosshead speed of 1 mm/min in compression mode. Results: There were no statistically significant differences between the fracture resistance values for the four experimental groups (P > 0.05). Conclusions: Fiber-reinforced posts can be used as a core material in endodontically treated teeth as well as composite core reconstructions.
Introduction
Post and core systems have been used for decades as a foundational material to support the final restoration of endodontically treated teeth with extensive loss of tooth structure. 1 Therefore, custom-fabricated and prefabricated posts have been utilized for many years. 2, 3 Endodontically treated teeth were suggested to potentially exhibit a higher fracture risk against chewing forces and may fracture more easily than vital teeth. 4 Studies indicated that these teeth are more brittle because of loss of the tooth structure from caries, trauma, and the removal of dentin during treatment procedures. 5 Furthermore, endodontically treated teeth desiccate over time and experience changes in collagen cross-linking to dentin. 6, 7 To improve the fracture resistance of endodontically treated teeth, researchers have tried to enhance new materials with greater physical properties. 1, 8, 9 Fiber-reinforced composites (FRCs) have been described in the literature for 20 years. 10, 11 In particular, glass-fiberreinforced posts have been marketed and suggested as a superior alternative to cast or prefabricated metal posts due to the development of adhesive technologies in the last few decades. 12, 13 An ideal post and core material should have optimal physical properties similar to those of dentin to achieve the best results. 14 Fiber-reinforced posts are recently being used in restorative dentistry because of their superior properties, such as dentin-like rigidity. Furthermore, the elastic modulus of fiber posts is similar to that of dentin. 15 These posts also have higher aesthetic properties, require less dentin removal during treatment procedures, and can be bonded to dentin with adhesive luting resins. 16 Furthermore, fiber-reinforced posts do not result in metal corrosion or allergic reactions and can be easily removed from a root canal when failure occurs due to endodontic treatment. 17, 18 Due to the increased interest in fiber-reinforced posts in the dental literature, studies have focused on post materials, 19 luting agents, 20 post designs, 21 and ferrule effects to investigate the fracture resistance of these materials. 22 However, those studies produced conflicting results. Some studies indicated that endodontically treated teeth restored with fiber-reinforced posts exhibited lower fracture resistance compared to teeth restored with other posts, such as those composed of metal. 23, 24 In contrast, some investigations found that the fracture resistance of endodontically treated teeth restored with fiber-reinforced posts is equal to or greater than those restored with metal posts. 25, 26 A few authors concluded that posts are not necessary in endodontically treated teeth with minimal loss of tooth structure. 27, 28 It is also uncertain whether fiberreinforced posts strengthen endodontically treated tooth during clinical service. 28 Some clinical investigations demonstrated the long-term clinical performance of fiber-reinforced posts, which were used in combination with composite buildup over an observation period of more than 5 years. 29, 30 Post and core failures from root fractures were reported for 3e10% of all tooth buildup failures. 30, 31 Dallari and Rovatti 32 proposed several attributes for an ideal intraradicular restorative system, suggesting that the biomechanical characteristics of this system should be similar to natural tooth tissues. The modulus of elasticity of dentin is approximately 14.2 GPa. 33 According to the material manufacturers in this study, fiber posts have moduli that are approximately 1e2 times greater, which may allow post flexion to mimic tooth flexion. Binding of a post to the dentin may reduce stresses in the remaining root and distribute forces more equally over the entire bonded interface. 34 The use of FRC posts was suggested to allow for reductions in stress concentrations and in the incidence of root fractures. 35 Therefore, the aim of this in vitro study was to determine and compare the fracture resistance of endodontically treated premolar teeth restored with different FRC posts and with no post. The null hypothesis was that there would be no differences in the fracture resistance of the four experimental groups.
Materials and methods
For this study, 48 undamaged, extracted human mandibular premolar teeth that were free of caries and with approximately the same root length were selected. Each tooth was examined with a 2.5Â binocular loupe (Orascoptic, Kerr Corporation, Middleton, WI, USA) to verify the absence of carious lesions, cracks, and microfractures. The coronal height and root length were limited to 8 AE 1 and 14 AE 1 mm, respectively. Anatomic crowns were similar in dimensions, measuring 8.75 AE 0.75 mm mesiodistally and 7.50 AE 0.75 mm buccolingually, at the cementoenamel junction. Selected teeth were stored in distilled water at 37 C during the experiment.
Clinical crowns of the teeth were cut 3 mm coronal to the cementoenamel junction. Root canals were prepared using rotary canal instruments (Pro Taper, Dentsply, Maillefer, Switzerland). After rinsing with a 2.5% sodium hypochlorite solution, the canals were dried with paper points (Spident, Incheon, Korea). All canals were filled with the single gutta-percha cone technique (Pro Taper, Dentsply) using eugenol-free root canal sealing material (AH Plus, Dentsply, De Trey, Germany).
Treated teeth were randomly assigned to four groups of 12 each. In the first three groups, post spaces were prepared using drill size 1 from the fiber-post system (FRC Postec, Ivoclar Vivadent, Schaan, Liechtenstein), according to the manufacturer's instructions. All roots of these three groups were uniformly prepared 10 mm deep from the sectioned surface with a silicone stopper to leave at least 4 mm gutta-percha apically.
The first group of FRC posts (FRC Postec Plus, Ivoclar Vivadent) and the second group of Ever Stick posts (Stick Tech, Turku, Finland) were luted into the root canals using a dual curing luting resin (Variolink II, Ivoclar Vivadent), according to the manufacturer's instructions. In the third group, post spaces were filled using a nanohybrid resin composite (Tetric Evo Ceram, Ivoclar Vivadent) with no post. The fourth group served as a control group, and direct resin composite core reconstructions were formed without a post. Composite cores were built with nanohybrid resin composite (Tetric Evo Ceram, Ivoclar Vivadent) and standardized to 4 mm in height from the sectioned tooth surface in all groups. Materials used in this study are presented in Tables 1 and 2. Roots of all specimens were covered with a thin layer of silicone impression material to simulate the periodontal ligament. Each tooth was then embedded in an autopolymerizing acrylic resin. Specimens were subjected to a compressive load in a universal testing machine (Lloyd LR 30 K; Lloyd Instruments, Fareham, UK) at a crosshead speed of 1 mm/min, with the use of a device that allowed loading at 135 to the long axis of the root (Fig. 1) .
Failure loads were determined and recorded, and the KruskaleWallis test was then used to analyze the results between the four experimental groups. Furthermore, failure modes and fracture lines of specimens were determined by visual inspection with a 2.5Â binocular loupe (Orascoptic, Kerr Corporation). Failure modes of the groups were determined as root fracture, cohesive failure, and adhesive failure, and statistically analyzed with Fisher's exact chisquare test.
Results
Mean fracture resistance values for the four experimental groups are presented in Table 3 . Descriptive statistics of fracture resistance values (N) for the experimental groups with the KruskaleWallis test are presented in Fig. 2 . These results demonstrated that there were no statistically significant differences in the fracture resistance of teeth restored using different post systems and the control group (P > 0.05).
Differences in the mode of failure among groups were observed and analyzed with a binocular loupe (Orascoptic, Kerr Corporation). Failure modes for the groups are presented in Table 4 . Significant differences were found between the failure modes of the four experimental groups (P Z 0.001). According to the visual inspection, 18 failures (37.5%) were in the form of root fractures ( Table  4 ). The percentage of root fractures was highest in the control group (83.3% among groups and 55.6% among failure modes), which was composed of core reconstructions that were built without a post system ( Table 4 ). The EverStick post group showed the lowest root fracture percentage (16.7% among groups and 11.1% among failure modes).
FRC and EverStick post groups showed equivalent cohesive failure percentages (50% among groups and 42.9% among failure modes), which were higher than those of the TetricEvo Ceram post and control groups ( Table 4 ).
The TetricEvo Ceram post group exhibited the highest adhesive failure percentage (66.6% among groups and 50% among failure modes).
The fracture lines of 30 (62.5%) of the 48 specimens were in the form of adhesive or cohesive failure. Cohesive failure was observed in 14 teeth (29.2%). For cohesive failure, the fracture began at the composite core and continued apically into the composite structure with no root fracture. Sixteen of the fractures (33.3%) were evaluated as adhesive failure, since the failure occurred in the adhesive interface of the two adhesion components, which consisted of composite and tooth surfaces. Eighteen of the failures (37.5%) were in the form of root fracture. 
Discussion
The present study analyzed whether the fracture resistance of endodontically treated teeth restored using fiber posts was higher than that of endodontically treated teeth restored with no post. No difference was found among the fracture resistance values of the four experimental groups. Therefore, the present study determined that there was no significant difference in the fracture resistance of endodontically treated teeth restored using composite resin with or without fiber-reinforced posts. Ferrario at al. 36 assessed the bite force of teeth from 52 healthy young adults and reported that single-tooth bite forces ranged from 178 to 291 N in premolar teeth. The mean fracture resistance values reported in this study were higher than the measured mean bite forces of premolar teeth from both women and men. Therefore, endodontically treated premolar teeth restored with fiber-reinforced posts were concluded to be able to resist normal occlusal forces. These higher fracture resistance values may be attributed to the similar modulus of elasticity of fiberreinforced posts compared to dentin. 37 Many studies investigated the fracture resistance of post and core systems in the literature; however, those results were contradictory. Maccari at al 38 evaluated the fracture strength of teeth with flared canals that were restored with two fiber-reinforced resin systems: a custom cast base metal (NieCr) post and a core system. The fracture strength of teeth restored with cast posts was determined to be higher than teeth with glass or quartz fiber-reinforced resin posts, which exhibited similar behaviors. Rosentritt et al 39 evaluated the fracture strength of ceramic, metallic, and fiber-reinforced posts and cores compared to cast gold post and core restorations. The fracture strength of post systems with composite cores was determined to be higher than that of control gold alloy post and cores, and the fracture strength of the FRC group exhibited nearly equal values compared to gold alloy posts and cores. These conflicting results were due to variations in the methodology, chemical and physical properties of the materials used in the study, canal morphology, and the biochemical composition of extracted human teeth. 40 The secondary aim of this study was to ascertain whether a post can retain a core in teeth with extensive loss of tooth structure. Although there was equal fracture resistance between the groups, these results indicated that fiber-reinforced posts may be suitable for clinical use. Other studies suggested that posts do not make teeth stronger, but retain the core in the tooth. 41 Thus, the influence of the ferrule effect was not evaluated, and the teeth were not restored with fabricated full crowns. When the ferrule effect is absent, forces are thought to be concentrated at the junction of the post and core. 42 Therefore, the post may easily fracture. 43 However, none of the posts fractured in this study. The influence of fatigue loading or thermal cycling on the fracture resistance was not investigated in this study, which should be considered in future in vitro studies.
This study showed that the mode of failure differed in premolar teeth restored with two different fiber posts, a composite post, and with no post. In terms of the mode of failure, most of the teeth restored with no post in the control group had vertical and horizontal root fractures in the middle third of the root. This type of fracture after Figure 1 Use of the device that allowed fracture loading at 135 to the long axis of the specimen. However, root fractures occurred significantly lower in the other three post groups compared to the control group. This can be explained by the use of a fiber-reinforced post in the root canal dissipating forces along the root and reducing stresses on the root. 44 Therefore, a fiber-reinforced post has the ability to absorb stresses and to fracture at the coronal portion of a tooth without root fracture. 16 The effect of intraradicular reinforcement with only a composite post on the fracture resistance of endodontically treated teeth was one of the concerns of this study. In this study, internal reinforcement with a composite with no post resulted in an equivalent fracture resistance of endodontically treated teeth compared to groups with fiber-reinforced posts. However, the mode of failure in the composite post group differed from those of the other two fiber-reinforced post groups. The adhesivefailure percentage in the composite post group was significantly higher than those of the other groups in this study. This type of failure is repairable, because the coronal part of the restoration was completely debonded from the tooth surface with no root fracture. This can be explained by the effect of the composite resin for root reinforcement, which results in transference of low levels of stresses to the cervical region of artificially simulated roots as in this study. 45 This in vitro study has limitations as the tests were carried out with only two kinds of fiber-reinforced posts. Furthermore, this study tested teeth simulating loss of the coronal part of the crown by reducing the cervical third. Therefore, no ferrule preparation was possible with this study design. Additional in vitro studies along with longterm clinical investigations are needed to further evaluate the performance of fiber-reinforced posts.
Conclusions
Within the limitations of this in vitro study the following conclusions were drawn:
1. Fracture resistance values of endodontically treated single-rooted premolar teeth restored with fiber posts, composite posts, and with no posts did not statistically differ.
2. The modes of failure in single-rooted premolar teeth varied according to the use of posts and the type of material. 3. The use of fiber-reinforced posts reduced the percentage of root fracture. 4. The use of composite resin as the post material did not influence the fracture resistance values. However, intraradicular reinforcement with composite resin resulted in reversible failures. 5. Endodontically treated single-rooted premolar teeth restored with no post or material resulted in irreversible failure due to root fracture. 
